Quantitative trait loci (QTL) of longevity identifi ed in human and mouse are signifi cantly colocalized, suggesting that common mechanisms are involved. However, the limited number of strains that have been used in mouse longevity studies undermines the ability to identify longevity genes. We crossed C57BL/6J mice with a new wild-derived strain, Pohn, and identifi ed two life span QTL -Ls1 and Ls2 . Interestingly, homologous human longevity QTL colocalize with Ls1 . We also defi ned new QTL for metabolic heat production and body weight. Both phenotypes are signifi cantly correlated with life span. We found that large clone ratio, an in vitro indicator for cellular senescence, is not correlated with life span, suggesting that cell senescence and intrinsic aging are not always associated. Overall, by using Pohn mice, we identifi ed new QTL for longevity-related traits, thus facilitating the exploration of the genetic regulation of aging.
1
A GING and healthy life span are complex traits affected by many genes in multiple biological and molecular pathways. In normal populations, adaption to a variety of environments resulted in genetic polymorphisms that regulate pathways -such as insulin-like growth factor 1 ( IGF1 ) / insulin and mammalian target of rapamycin -known to be important in mammalian aging. To define the genetic basis for the regulation of normal aging, researchers have taken advantage of these polymorphisms, using allelic variation to identify the relevant quantitative trait loci ( QTL ) . This approach is used to develop novel hypotheses about aging as well as test existing hypotheses.
Mice are exceptional models for such QTL studies of mammalian aging. It is likely that many of the same loci that regulate aging in mice are relevant to humans: 99% of the genes are homologous in both species, and concordance of QTL in human and mouse has been reported for traits such as plasma lipids, hypertension, and kidney disease ( 1 -3 ) . In a recent human genome-wide association study ( 4 ), 8 of the 10 loci that best associated with human longevity were within the confi dence intervals (CIs) of QTL identifi ed in mouse studies; this concordance is unlikely to result from chance ( p = .0025; 5 ). Furthermore, Leg2, a locus that was identifi ed by a wild-derived CAST/EiJ (CAST) strain allele that increases life span ( 6 ) is homologous with a human locus that regulates life span ( 7 ) . These fi ndings support the idea that mouse and human share common mechanisms that determine longevity.
Important developments in bioinformatics methods, such as combined cross analysis, haplotype association mapping, and single nucleotide polymorphism analysis, have significantly improved the ability to identify causal genes of QTL ( 8 , 9 ). Yet to date, no longevity gene has been identifi ed from life -span QTL. One reason is because the new bioinformatics methods require data from numerous strains and only nine strains have been used for longevity QTL analysis ( 5 ) . Another reason is because of the limited genetic diversity for life history traits among the standard inbred strains, presumably due to the long domestication process that preceded development of the inbred strains. Thus, to take full advantage of newly developed methods to identify longevity gene(s), additional strains and crosses are required. Importantly, to add genetic diversity and more closely model the genetic diversity of human beings, the new strains should have an origin different from standard laboratory mice.
The Pohn mouse is an ideal model for longevity QTL studies. It is descended from a single female and 3 males captured on the island of Pohnpei, thought to have low mouse predation ( 10 ) , and its inbreeding process proceeded without domestication, thus retaining genetic variance that might have been lost through domestication. Our previous studies have shown that Pohn mice carry alleles that greatly extend female reproductive life span ( 11 ) , and when compared with B6 mice, Pohn mice exhibit other delayed aging phenotypes -retarded fi broblast proliferative senescence in vitro, and increased cellular resistance to oxidative stress Genetic Regulation of Life Span, Metabolism, and Body Weight in Pohn, a New Wild-Derived Mouse Strain ( 12 ) . In the current study, we report metabolic heat production (MHP) and life spans of the same mice whose fi broblast proliferation was defi ned previously; we also identify QTLs affecting body weight, MHP, and life span in the same cross. Pohn mice are proving to be a valuable resource that can provide important genetic diversity to the study of mammalian aging.
M aterials and M ethods
Mice Pohn mice were trapped on Pohnpei Island (7°N, 158°E) in the Federated States of Micronesia. The Pohn strain has now been fully inbred (POHN/DehJ) by brother -sister mating; as the studies reported here were being done, inbreeding was at about generation 10 -14 (5 % -15% of the original heterozygosity was still present). F1 hybrids were produced by crossing female Pohn mice with male C57BL/6J (B6) mice; a backcross population (N2) was produced by mating female F1 mice with male Pohn mice. Thus, all N2 mice had Pohn mitochondrial DNA.
Mice were housed 4 to 5 per pen in pressurized , individually ventilated polycarbonate cages measuring 31 × 31 × 21.4 cm, divided into two pens. The mouse room was maintained as a specifi c pathogen-free colony; details of the exclusion list are given at www . jax . org / jaxmice / genetichealth . Temperature was maintained between 21 and 23°C. All mice received a pasteurized National Institutes of Health-31 4% fat diet (Purina 5K52) and acidifi ed water ad libitum. To identify mice in the longitudinal group that were used for agingrelated phenotype studies, microchips (Locus Technology, Inc., Manchester, MD) were implanted subcutaneously.
Life S pan
To determine the time and type of death, mice were inspected at least once daily on weekdays. Moribund mice were euthanized , and a mouse was considered severely moribund if it exhibited more than one of the following clinical signs, especially lethargy, as these predict death in a few days: inability to eat or drink; abnormally low body temperature; severe lethargy (reluctance to move when gently prodded with forceps); severe balance or gait disturbance; rapid weight loss for a week or more; a severely ulcerated or bleeding tumor. The age at which a moribund mouse was killed was taken as the best available estimate of its natural life span.
Female and male life spans were analyzed by the survival and reliability function in JMP 7.0 (The SAS institute, Cary, NC). Median life spans were calculated, and survival curves were compared by the logrank test in the same program.
Metabolic H eat P roduction
Metabolic heat production is measured using the comprehensive cage monitor system (CCMS, Columbus Instruments, Columbus, OH). The CCMS provides simultaneous measurements of CO 2 production, O 2 uptake, food and water intake, locomotor activity, and circadian patterns in unrestrained animals. Measurements are performed over a period of 3 days. CCMS is calibrated using a tank containing 0.5% CO 2 
QTL A nalysis
QTL analyses were conducted using Rqtl ( 13 ) . This method uses multiple imputations to generate genotypes on a regular grid of genome-wide locations conditional on the observed marker data. The logarithm of odds (LOD) score for each marker location was calculated by averaging the LOD scores over imputations. Four-step analyses were conducted. a. Single QTL scan: A whole genome scan for each single QTL was performed at 5-c m spacing, using 64 imputations, with the full model considering gender, QTL , and the interacting effect. One thousand permutations of the phenotype values were used to determine threshold values ( 14 , 15 ) . b. Pairwise scans: Whole genome pairwise scans were performed using 5-c m spacing, with gender as an additive covariate. All possible pairs of QTL locations on each chromosome were tested for association with the phenotype. The likelihoods from the full model (gender, pseudomarker pair, and the interaction between them) and the null model (no genetic effect) were compared, and LOD scores were calculated. c. Multiple regression models: Variation of phenotypes in the N2 population, explained by QTL and possible covariates identifi ed from suggestive single QTL and pairwise scans, was estimated from the multiple regression models. Type III sums of squares and p values were calculated for all terms in the multiple regression models . Terms were dropped sequentially until all terms in the model were signifi cant at the 5% level. The fi nal model was used to estimate the proportion of the variance of the phenotype explained by each QTL, covariate, or QTL -QTL interaction. d. CI s of QTL : To circumscribe the QTL, 2 -c m spacing and 128 imputations were performed for QTL that were identifi ed in S teps a and b. Posterior probability densities for QTL locations were estimated. CIs were constructed based on the density distribution of each QTL location ( 16 ) .
R esults

Life S pan, MHP , and B ody W eight
Life span . -A total of 342 (176 female and 166 male) N2 mice, from a backcross of Pohn × B6 F1 mice to Pohn (N2) mice, were used in the life -span analysis. Median life span for females and males was 870 and 874 days , respectively. Life span did not differ between males and females ( p = .93, logrank test, Supplement ary F igure 1 ). For combined females and males, the median life span was 870 days and the 95% CI was from 809 to 901 days. The longest-lived mouse was a female (1 , 636 days); the longest-lived male died at 1 , 433 days of age. Fourteen females (8%) and 27 males (16%) died before 400 days of age. In this study, we use the 400 days as an artifi cial threshold to defi ne shortlived mice.
To test the hypothesis that in vitro and in vivo aging are genetically coregulated, we conducted association studies between the large clone ratio ( LCR ) and QTL of LCR ( 12 ) with life span. No signifi cant association was found.
Body weight . -At 6 months of age, B6 and Pohn × B6 F1 mice had similar body weights (females: B6 [25.6 ± 0.9 g, n = 8], Pohn × B6 F1 [22.9 ± 0.5 g, n = 8]; males: B6 [32.0 ± 0.6 g, n = 7], Pohn × B6 F1 [36.9 ± 3.2 g, n = 8]); B6 and Pohn × B6 F1 mice of both sexes were significantly heavier than Pohn mice (16.2 ± 0.3 g, n = 8 females and 19.4 ± 0.5 g, n = 8 males). In the N2 population, body weights at 6 months of age ranged from 12.9 to 46.8 g. Females were signifi cantly lighter than males (18.7 ± 0.4 vs 25.5 ± 0.4 g; n = 141 and 132). All data are shown as mean ± SEM .
As shown in Figure 1A , the body weight at 6 months negatively correlates with the life span in females: R = − .19, p = .03, all mice; R = − .32, p = .0004, short-lived mice excluded, explaining 10.2% ( R 2 ) of the variance in life span. In males ( Figure 1B ) , the correlation was not signifi cant whether or not short-lived mice were excluded.
MHP . -Pohn and Pohn × B6 F1 males had similar MHP at 9 -12 months of age, 3.92 ± 0.15 ( n = 10) and 3.85 ± 0.11 kcal/hr/kg 0.63 ( n = 12; mean ± SEM ), respectively; both are signifi cantly higher than B6 (3.41 ± 0.14 kcal/hr/kg 0.63 , mean ± SEM , n = 9). In the present study, 190 randomly selected N2 mice (103 females and 87 males) were evaluated. Their MHP ranged from 2.53 to 6.62 kcal/hr/kg 0.63 . There was no signifi cant difference between females and males (4.30 ± 0.05 vs 4.15 ± 0.05 kcal/hr/kg 0.63 ; mean ± SEM ).
Combining females and males, MHP signifi cantly correlated negatively with life span, whether or not short-lived mice were excluded ( R = − .18, p = .03; R = − .17, p = .03 ; Figure 2A ). Among females, correlations were not significant ( Figure 2B ). Among males ( Figure 2C ), when shortlived mice were included, the correlation was suggestive ( R = − .02, p = .08) but became signifi cant when short-lived mice are excluded ( R = − .26, p = .02) explaining 6.8% ( R 2 ) of the variance in life span.
QTL for B ody W eight
Two signifi cant QTL for body weight were identifi ed, Bwq19 and Bwq20 , at 69.3 Mb of Chr 2 and 56.3 Mb of Chr 11. Bwq19 is signifi cant, with p < .01 in the permutation test (LOD = 5.9). The allele at this QTL explains 6.0% of the variation in body weight among the N2 mice. Bwq20 is also signifi cant, p < .05 in the permutation test (LOD = 3.1), explaining 3.1% of the variation ( Figure 3A , Table 1 ). Together, Bwq19 and Bwq20 could explain 11.2% of the variation for the whole population.
The allele effect analysis found that at both loci, for both females an d males, mice with the P/P genotype are signifi cantly lighter than mice with the P/B genotype ( Figure 3B and C ).
Body weight of mice that carry B6 alleles at both loci is signifi cantly greater than mice that carry one allele at either locus ( Figure 3D ) , showing the additive effect of the 2 loci. Compared with the mice that carry only P alleles at both loci ( Bwq19 & Bwq20 , P/P, P/P), females with B6 alleles at both loci are 27% (21.6 ± 0.8 vs 17.0 ± 0.5 g) heavier; males are 24% (28.1 ± 0.9 vs 22.7 ± 0.9 g) heavier ( Figure 3D 
QTL for MHP
QTL analysis of data from 103 female and 87 male mice at 9 -12 months of age identifi ed a marginal QTL for MHP, Mhp1 (LOD = 2.2, permutation test p < .63), at 166.1 Mb on Chr 2, as well as a suggestive QTL, Mhp2 (LOD = 3.3, permutation test p < .1), at 98.8 Mb on Chr 4 ( Figure 4A , Table 1 ). Interestingly, there was an interaction with sex in each MHP QTL. For Mhp1 ( Figure 4B ) , P/B females had signifi cantly lower MHP than P/P females (4.21 ± 0.09 vs 4.48 ± 0.09 Kcal/h/kg 0.63 , p < .05), whereas the opposite was true for Mhp2 (4.51 ± 0.09 vs 4.12 ± 0.08, p < .05; Figure 4C ); P/P and P/B males had similar MHP at both QTL ( Figure 4B and C ). Females with P/P at Mhp1 and P/B at Mhp2 have the highest MHP, but it is only signifi cantly higher than mice with P/B at Mhp1 and P/P at Mhp2 (4.60 ± 0.12 vs 4.03 ± 0.12 Kcal/h/kg 0.63 , p < .05, Figure 4D ). By multiple regression analysis, Mhp1 and Mhp2 explain about 4.7 and 7.1% of the variation in MHP values, respectively ( Table 1 ) . Along with sex, Mhp1 and 2 explain 14% of the variation of MHP in this population.
QTL for L ife S pan
We conducted QTL analysis for 342 mice and identifi ed a suggestive QTL, Ls1 (LOD = 2.3, permutation test p < .1) at 171.9 Mb on Chr 1 and a marginal QTL ( Ls2 , LOD = 1.5, permutation test p < .63) at 63.8 Mb on Chr 4 ( Figure 5A , Table 1 ). However, 41 mice died before 400 days. Early deaths may not be related to aging, but to specifi c early pathologies, and exclusion of these early deaths may enhance the power to identify aging-specifi c loci. Thus, we excluded these short-lived mice and reconducted QTL analyses. By permutation analysis, Ls1 became much more signifi cant (LOD = 3.7, p < .01 ; Figure 5B ), and its 95% CI was reduced from 49.5 to 38.5 Mb ( Table 1 ). There was no such benefi t for Ls2 ( Figure 5B ). In the multiple regression analyses, Ls1 and Ls2 were signifi cantly associated with longevity whether or not short-lived mice were excluded ( Table 1 ) .
The alleles at Ls1 explained about 3.5% of the variation in life span for the population that excluded short-lived mice (2.7% for the entire population). Alleles at Ls2 explained about 1.6% of the variation (1.5% for the entire population, Table 1 ). Combining the two QTL, 5.1% of the variation was explained (4.3% for the entire population). As shown in Table 2 and Figure 5C and D , at both loci, mice carrying the B6 allele (P/B) lived longer than mice with the homozygous genotype (P/P). Logrank tests show the differences are signifi cant ( p < .05). Mice with P/B genotype at both loci have longest life span, wh ereas mice with P/P genotype at both loci have shortest life span. Figure 5E ).
To understand the allele effect on maximum life span, we also compared the mean life span of longest-lived 20% mice of each genotype. At Ls1 and Ls2 , mice with P/B genotype have signifi cant longer maximum life span than mice with P/P genotype ( t test: p < .05). The mean life span of the longest-lived 20% mice that have P/B genotype at both loci is 1 , 254.8 days, signifi cantly ( t test: p < .05) longer than other three groups. Among these three groups, no difference was found ( Table 2 ) .
D iscussion
Inbred strains have been widely used for studying the genetic regulation of aging and longevity. Based on their originations, inbred strains could be div id ed into two categories, domesticated and wild-derived inbred strains. The domesticated inbred strains were originally raised as pets for hundreds of generations and then inbred in the beginning of 20 century , wh ereas wild-derived mice were inbred directly from the mice caught in fi eld ( 17 ) . Domestication might have selected alleles that accelerate development and increase body weight ( 6 , 10 ) . In a strain survey study, wild-derived inbred strains, including CAST/EiJ, MOLF/EiJ, PWD/J , and WSB/EiJ, were smaller than most of the domesticated inbred strains ( 18 ; original data at www . jax . org / phenome ). Previous studies also found that smaller mice could live longer ( 19 ) . These results suggest wild-derived strains may carry alleles that extend longevity that could not be identifi ed in domesticated inbred strains. Supporting this hypothesis, our group reported that at two loci, Leg1 and Leg2, wild-derived alleles associated with greater longevities in two different crosses of four mouse strains ( 6 ) .
Pohn is a wild-derived strain bearing alleles that delay female reproduction and cellular senescence ( 11 , 12 ) . In the present study, we found that Pohn mice are signifi cantly smaller than B6 mice. Importantly, in the N2 population, the body weight at 6 months of age correlated with longevity, but only in females ( Figure 1 ). When the 8% of females that died before 400 days were excluded, the correlation was R = − .32, which explains 10.2% of the total variance in life span. The uncoupled relationship, in males, between body weight and life span has been previously reported ( 20 ) ; the difference may result from sex-specifi c causes of death.
Body weight is a genetically complex trait that is regulated by many loci. According to the Mouse Genome Informatics database ( www . informatics . jax . org ), across the entire genome, there are 166 QTL for body weight. In this study , we found two signifi cant body weight QTL, Bwq19 (Chr 2, 69.9 Mb) and Bwq20 (Chr 11, 56.3 Mb). At both loci, Pohn alleles associate with lower body weight ( Figure 3 ). Bwq19 colocalizes with a previously identifi ed body weight QTL, Bwtq8 , which was identifi ed in SM/J x NZB/BINJ F2 mice; the SM/J allele associated with lighter weight ( 21 ) . The Bwq20 locus has never before been associated with body weight. We did not fi nd an association between Bwq19 or Bwq20 with longevity. However, because of the correlation between body weight and longevity in females, the causal genes for Bwq19 and Bwq20 may still be involved in regulating longevity.
A major purpose of the current study was to test whether the best predictor of mouse fi broblast senescence in vitro, LCR, was related to life span. We test here, for the fi rst time, whether LCR and life span correlate in the same individual mice of a segregating population and whether the QTL that affect cellular senescence also affect life span. In the present study, we tested life spans in the (Pohn × B6 F1) × Pohn (N2) individuals used to map QTL for LCR ( 12 ) ; there was no correlation between life span and LCR. In the previous study, we identifi ed four QTL of LCR, Fcs1 -4, which explained 26.1% of the variation in LCR ( 12 ) . None of these loci were associated with life span . Considering the vast literature using fibroblast senescence in vitro to model aging, the absence of relationships to life span or aging phenotypes is interesting.
Two longevity QTL, Ls1 on Chr 1 (171.9 Mb) and Ls2 on Chr 4 (63.8 Mb), were identifi ed. Each overlaps with a previously identifi ed longevity QTL identifi ed in B6 × D2 RI strains ( 22 ) and in a (B6 × D2) × D2 backcross ( 23 ) . Similar to the fi ndings in this current study, B6 alleles at both loci in the studies by Yunis and Gelman associated with extended longevity. Interestingly, a major human genome wide association study reported 24 loci that associate with human longevity ( 4 ); some signifi cantly overlap with mouse longevity QTL ( 5 ) . Two of these loci (rs16850255 and rs4443878) map to 160.6 and 176.4 Mb of Chr 1. They locate in the 95% CI of Ls1 (Chr1: 144.1 -193.6 Mb), about 11 and 5 Mb from the peak of Ls1 (Chr1: 171.9 Mb, Figure 6 ). These results suggest that this locus may carry a longevity gene that is conserved in mouse and human.
QTL analysis and life -span curves ( Figure 5C -E ) rejected the hypothesis that Pohn mice carry alleles that have major individual effects to increase life span. Instead, our results suggest that dominant or semidominant B6 alleles at Ls1 , and possibly Ls2 , increase life span. In our study, both mean and maximum (longest-lived 20%) life spans were increased in mice that carried the B6 alleles at these loci ( Table 2 ) . Possibly the Pohn alleles had deleterious recessive effects that were prevented by a dominant B6 allele; it is also possible that the B6 alleles increase longevity directly.
The level of circulating IGF1 may be important in the action of Ls1 . Blood levels of IGF1 correlated negatively with longevity in 31 mouse strains defi ned by the Jackson Laboratory Aging Center ( 18 ) . Using genetic and bioinformatic methods, we recently reported a group of QTL that associate with the variation of circulating IGF1 levels ( 24 ) . Among these QTL, Igf1q10 (Chr 1: 158.9 -159.7 Mb), identifi ed by haplotype association mapping analysis, locates in the CI of Ls1 ( Figure 6 ). In the same region of Ls1 , Harper and colleagues reported an IGF1 QTL, identifi ed in a 4-way cross, (BALB/cJ × C57BL/6) × (C3H/HeJ × DBA/2J), in which the B6 allele associates with lower IGF1 , wh ereas the BALB/cJ allele associates with higher IGF1 ( 25 , 26 ) . The peak of this QTL is at D1Mit206 (Chr 1: 174.9 Mb), which colocalizes with the peak of Ls1 (Chr 1: 171.9 Mb; Figure 6 ). In fact, both Pohn and BALB/cByJ have a higher IGF1 level than B6 (Pohn: 323 ± 34.4, n = 8; cBy: 330 ± 21.8, n = 8; B6: 258 ± 39.4, n = 8; 18 ). Original data are accessible at http :// phenome . jax . org / db / qp ? rtn = views / measplot & briefl ook = 27001 . Thus, Ls1 may contain one or more genes that regulate longevity via IGF1 level.
Two theories of the relationship between energy metabolism and longevity, both proposing mediation via free radical production, make contrary predictions. The " rate of livingfree-radical theory " suggests a negative association; the " uncoupling to survive " hypothesis suggests a positive association. Data on this issue are contradictory -for example, in Drosophila , metabolic rate is not reduced by dietary restriction or by lowered insulin/IGF1 signaling and is not correlated with individual life span ( 27 ) . Yet, in an outbred mouse population, individual mice with higher metabolism live longer ( 28 ) . In this study, the body weight-normalized MHP showed a signifi cant inverse correlation with longevity ( Figure 2A -C ) . Both male and female mice with lower MHP lived longer, consistent with the rate of living-freeradical theory. This correlation explained about 3.2% of the variance in life span ( R = − .18). Although MHP is an important marker for aging and longevity, no MHP QTL had been identifi ed prior to our study. In this study, we report two potential MHP QTLs: Mhp1 (Chr 2, 166.1 Mb), which was marginal, and Mhp2 (Chr 4, 98.8 Mb), which was suggestive ( Figure 4 , Table 1 ). These QTL are sex specifi c, associated with MHP only in females.
C onclusion
The value of testing QTL in a new cross is demonstrated here by fi nding loci important in regulating life span that can aid in fi nding candidate genes. Especially interesting are human homologies for Ls1. The relevance of cellular senescence in vitro to aging and life span is a broad question -in the cross of (Pohn × B6 F1) × Pohn (N2) they are not related, as these phenotypes do not correlate in the same individuals and do not share major QTL. From this cross, QTL that may regulate MHP have been identifi ed, and this phenotype explains 3.2% of the variation in life span. Finally, one new and one old QTL for body weight were defi ned in this cross, and body weight differences explained 10.2% of the variance in life span in females.
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